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Renal interstitial fibrosis contributes to the progression of
most chronic kidney diseases and is an important pathologic
feature of urinary tract obstruction. To study the origin of this
fibrosis, we used a fetal non-human primate model of
unilateral ureteric obstruction focusing on the role of
medullary collecting duct (CD) changes. Obstruction at 70
days gestation (full term approximately 165 days) results in
cystic dysplasia with significant medullary changes including
loss of the epithelial phenotype and gain of a mesenchymal
phenotype. These changes were associated with disruption
of the epithelial basement membrane and concomitant
migration of transitioning cells presumed responsible for the
observed peritubular collars of fibrous tissue. There was an
abundance of cells that co-expressed the intercalated cell
marker carbonic anhydrase II and smooth muscle actin. These
cells migrated through the basement membrane and were
significantly reduced in obstructed ducts with peritubular
collars. Our studies suggest that fetal urinary tract
obstruction results in a CD epithelial–mesenchymal transition
contributing to the interstitial changes associated with poor
prognosis. This seems restricted to the intercalated cells,
which contribute to the expansion of the principal cell
population and the formation of peritubular collars, but are
depleted in progressive injury.
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Progressive organ damage due to tissue scarring and the
development of fibrosis is a paradigm shared by numerous
human diseases including chronic kidney disease. The
postnatal obstructed kidney has been the focus of recent
attention and experimentally has become an important
model of renal fibrosis.1–5
Developmental anomalies and associated fetal obstructive
nephropathies are the most important causes of childhood
kidney failure. Congenital urinary tract obstruction results in
an alteration in normal patterns of gene and protein
expression responsible for nephrogenesis and nephron
endowment, an alteration in the expression of vasoactive
and renotrophic factors responsible for the establishment and
maintenance of normal glomerular filtration, and the
induction of dysplasia, including concomitant mesenchymal
reaction and renal fibrosis.6 Postnatal renal outcome is
directly linked both to nephron endowment and to the
severity of mesenchymal fibrosis. Although the role of
obstruction and fibrosis in the postnatal kidney has been
well studied, the role of obstruction and fibrosis in these
congenital disorders has not been explored.
Prior publications from our group have reported on the
fetal non-human primate model of obstructive renal
dysplasia, demonstrating that ultrasound-guided unilateral
ureteric obstruction during the early second trimester results
in renal pathology characteristic of human fetal obstructive
renal disease.3,7,8 We have highlighted the disruption of
normal nephrogenesis, the defects in branching morphogene-
sis, and the decrease in glomerular endowment. In addition
to these features, we have also demonstrated marked
medullary changes, including architectural disorganization,
expansion of the medullary interstitium, and disruption of
the collecting duct (CD) epithelium, normally consisting of
principal and intercalated cells. The intent of this study was
to test the hypothesis that the CD epithelium’s response to
congenital urinary tract obstruction includes mesenchymal
transformation, which then contributes to the development
of progressive fibrosis.
RESULTS
Induction of fetal obstructive nephropathy
We examined both obstructed and contralateral kidneys of
experimental animals at approximately 150 days gestation
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(near term) and similarly aged control kidneys. As in previous
reports,8 unilateral ureteric obstruction with alginate beads at
70 days gestation (early second trimester) successfully induced
renal dysplasia, with distortion of the renal architecture,
including altered glomerular development with a decrease in
glomerular number and the development of glomerular cysts.
In particular, we observed dilatation and cystic transforma-
tion of medullary CDs, the formation of peritubular smooth
muscle collars, and the expansion of the medullary inter-
stitium (Figure 1). We observed corresponding increases in
medullary vimentin (Vim) and alpha smooth muscle actin
(SMA) immunoreactivity in both the renal interstitium and
in the peritubular cellular collars with E-cadherin expression
decreased in the medullary CD epithelium.
Quantitative changes in phenotype in the obstructed fetal
kidney
To quantify the histopathological changes, we extracted RNA
from dissected medullary and cortical tissue from obstructed,
contralateral, and control fetal kidneys and performed
quantitative PCR analysis. As expected, mRNA changes
corresponded to the changes in immunohistochemistry with
a significant increase in Vim, decrease in E-cadherin, and no
change in transforming growth factor-b. Of note, these
differences were more pronounced in medullary than in
cortical samples (Figure 2).
Characterization of normal CD
In the control kidney, medullary CDs were identified by the
expression of principal cell-specific water channel aquaporin-
2 (AQP2)9,10 in a majority of cells (Figure 3). This late
gestation CD epithelium expresses the expected basolateral
adherens junction protein E-cadherin and the apical
structural protein cytokeratin (CK), characteristic of a
differentiated epithelial cell layer. Notably, and as expected,
the epithelia of normal unobstructed CDs did not show any
evidence of Vim immunoreactivity. However, and at variance
with previous reports in adult human kidney biopsy
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Figure 1 | Immunohistochemical features of fetal urinary tract obstruction. Cortex and medulla of control and obstructed fetal kidneys
demonstrating (a) SMA immunoreactivity in the expanded interstitium, in periglomerular and peritubular collars of the cortex, and in peritubular
collars of the medulla following obstruction. In the control kidney, strong SMA expression can be seen in the medial layer of arterioles with weaker
expression in the renal capsule. (b) Disruption of E-cadherin immunoreactivity in the obstructed kidney highlighted by loss of distinct
interepithelial localization (arrowheads) and diffuse cytoplasmic immunoreactivity (arrow). (c) Vim immunoreactivity in the expanded interstitium
of both obstructed cortex and medulla. (g, glomerulus; d, collecting duct; *, interstitium). Bars¼ (a) 100mm and (b and c) 50mm.
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specimens11 and postnatal mouse kidneys, we identified cells
in the CDs of control kidneys that exhibited diffuse SMA
immunoreactivity that, to our knowledge, have not been
observed in normal postnatal kidneys. This was unexpected
and surprising, since SMA expression implies a mesenchymal
or less differentiated phenotype. This SMA expression
colocalized with the expression of the intercalated cell
marker, CAII,12,13 and was mutually exclusive with AQP2.
Furthermore, and unlike the columnar epithelium that
constitutes the majority of the CD, these cells display a
pyramidal morphology with a widened basolateral and
narrowed apical surface.
CD features in fetal urinary tract obstruction
Fetal kidneys obstructed at 70 days gestation and studied near
term contained both normal and segmentally dysplastic
medullary elements. In particular, CDs in affected segments
of the inner medulla exhibited significant dilatation. In
addition, dramatic expansion of the adjacent interstitial
compartment was observed in regions of the more severely
dilated ducts. Obstructed CDs also exhibited an increase in
the presence of peritubular SMAþ cells ranging from
localized expression adjacent to one or two CD epithelial
cells to the formation of dense peritubular collars fully
surrounding the duct (Figure 4). Typically, though not
exclusively, more severely dilated ducts exhibited more fully
developed peritubular collars. Since this was the most
predominant and consistent feature of fetal urinary tract
obstruction, we used the degree of peritubular collars
formation to characterize the severity of CD injury.
Loss of epithelial and gain of mesenchymal cell markers
In conjunction with the prominent dilation of CDs and
adjacent peritubular collar formation observed following
obstruction, these kidneys also displayed a temporal and
spatial sequence of phenotypic changes that suggests the
occurrence of epithelial–mesenchymal transition (EMT)
(Figure 5). In particular, the epithelia of obstructed CDs
exhibited disruption of E-cadherin, whereby its localization
at the interepithelial junctions became less distinct with a
corresponding increase in diffuse cytoplasmic immuno-
reactivity. Furthermore, localized regions of the epithelium
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Figure 2 | mRNA expression in obstructed fetal kidneys.
Quantitative real-time RT-PCR demonstrates the downregulation of
E-cadherin and upregulation of Vim gene expression in obstructed
versus control and contralateral kidneys. Of note, these differences
were more pronounced in the medulla than in the cortex. *Po0.05,
obstructed versus control.
AQP2
E-Cad
Vim
CK
CAII
SMA
AQP2
Figure 3 | Normal fetal medullary CD. (a) Normal medullary CD
epithelium displays AQP2, E-cadherin, and CK immunoreactivity and
absent Vim immunoreactivity (arrows demarcate epithelial layer).
(b) Co-localization of SMA and CAII immunoreactivity in AQP2-negative
epithelia (from a) of the normal CD (arrowheads highlight examples
of SMAþ /CAIIþ /AQP2 subpopulation). Bar¼ 25mm.
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Figure 4 | Peritubular collar formation in obstructed fetal CD.
Obstruction of the fetal kidney results in CD injury that can be
classified by the extent of SMA immunoreactivity in the peritubular
cellular collars, ranging from ‘mild’ with limited peritubular SMA
immunoreactivity (arrowhead) to ‘severe’ with full, circumferential
collars (arrows). Bar¼ 25 mm.
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exhibited a complete loss of E-cadherin, presumably high-
lighting sites of active EMT. Expression of the principal cell
marker AQP2 also appeared to be downregulated and
exhibited altered cellular localization when compared to
both adjacent undilated CDs and the CDs of normal kidneys.
In contrast, Vim expression, which is absent from control
epithelium, was acquired in the basolateral aspect of CD cells
adjacent to the formation of peritubular SMA collars. This
Vim expression is seen throughout the obstructed CD in both
AQP2þ and SMAþ /CAIIþ cell populations, but probably
represents divergent responses between migrating and non-
migrating cells. Like Vim, expression of fibroblast surface
protein was minimal in the control CD, but markedly
increased in the obstructed duct epithelium. As expected,
interstitial fibroblasts expressed fibroblast surface protein.
These results suggest a loss of epithelial and a gain of
mesenchymal characteristics in the obstructed CD epithe-
lium.
Increase in Ki-67 Expression
Among the phenotypic changes observed within the dilated
CD epithelia, an apparent increase in the absolute number of
epithelial cells was noted. This observation suggests that
proliferation may be occurring in these CDs to maintain an
intact epithelial layer when dilation occurs. Immunohisto-
chemical staining for Ki-67, a cell cycle protein-indicating cell
proliferation,14 revealed increased nuclear expression in
selected obstructed CDs versus control specimens. The
expression of Ki-67 in the CD epithelium was restricted to
the AQP2þ principal population and was not seen in
SMAþ /CAIIþ cells of either obstructed or control kidneys.
Increased proliferative events were also observed in forming
peritubular collars surrounding obstructed CDs (Figure 6).
Depletion of SMAþ /CAIIþ CD cells in obstructed CD
Based on these findings, the inner medullary CD of the fetal
kidney appears to be composed of at least two populations of
epithelial cells. Similar to the adult kidney, the predominant
population of cells is the AQP2þ principal cell population
comprising approximately 80% of epithelium. These studies
indicate that the remaining 20% of the fetal CD is composed
of SMAþ /CAIIþ cells that may represent an immature
intercalated cell population, a putative population of CD
epithelial progenitors, or a combination of the two.
Given the unexpected expression of SMA, and therefore of
SMAþ /CAIIþ cells in the CD epithelium, and to explore
the possibility that these cells are undergoing EMT,
differences in the numbers of this subpopulation of cells
between obstructed and control kidneys were compared.
Importantly, in the obstructed ducts of the near-term fetal
kidneys, we observed a decrease in the number of SMAþ /
CAIIþ CD epithelial cells when compared to both adjacent,
unaffected ducts in the same kidney and to ducts of
contralateral kidneys and controls of comparable gestational
age. This was confirmed by cell counts (Figure 7), which
showed that there was a significant depletion of this cell
population from approximately 17 to 12% in mild and
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Figure 5 | Loss of epithelial and gain of mesenchymal
characteristics. (a). In the obstructed fetal kidney, the medullary CD
epithelium demonstrates disruption of interepithelial E-cadherin
immunoreactivity (arrowheads) with concomitant de novo expression
of basolateral Vim (arrows). (b). In addition, in the obstructed kidney
there is a decrease in AQP2 immunoreactivity in the epithelium of
dilated CDs (*) versus adjacent normal and control CDs. (c). Similar to
Vim, the obstructed CD epithelium exhibits increased basolateral
expression of fibroblast surface protein (FSP) (arrows) associated with
SMA collar formation. Bars¼ (a and c) 25mm and (b) 100 mm.
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Figure 6 | Proliferation of the obstructed CD epithelial cells and
surrounding interstitium. (a) Nuclear Ki-67 immunoreactivity in
selected obstructed CDs showing cellular proliferation in
AQP2þprincipal cells (arrowheads) and peritubular interstitium
(arrow) compared with control CDs. (b) Comparison of Ki-67
immunoreactivity in control and obstructed CDs shows increased
number of Ki-67 positive interstitial cells adjacent to moderately to
severely dilated CDs, but no significant increase in Ki-67 positive CD
epithelial cells. Results are expressed as the percentage of Ki-67
positive cells per number of epithelial cells comprising the
circumference of the CD. *Po0.05 versus control. Bar¼ 25 mm.
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moderately obstructed ducts, and to 8% in severely affected
ducts with completely formed peritubular collars. By TUNEL
(terminal deoxynucleotidyl transferase-mediated deoxyuridi-
netriphosphate nick-end labeling) analysis, this depletion was
not associated with epithelial cell apoptosis. These results
reveal a loss of SMAþ /CAIIþ cells in CDs during
obstruction that was statistically significant (Po0.01) when
compared with control CDs.
Migration of SMAþ /CA-IIþ CD cells through the CD
basement membrane
Given the unexpected finding of SMAþ cells in the fetal CD
and their disappearance with injury, and to further support
the possibility that the SMAþ /CAIIþ cells were undergoing
EMT, the ability of these cells to cross the CD basement
membrane was explored. As previously suggested,5,15 EMT
includes the mesenchymal expansion of the interstitium and
the development of peritubular SMA collars, and therefore
requires the migration of the transitioning cells through the
basement membrane and into the interstitial space. Of note
in mild to moderately obstructed CDs, there was an
observable disruption in type IV collagen (Coll IV) expres-
sion of the basement membrane, specifically at the site of
SMA collar formation. In addition to the loss of basement
membrane integrity, co-localization experiments also de-
monstrated migration of SMAþ /CAIIþ cells through the
plane of the CD basement membrane and into the SMAþ
peritubular collars (Figure 8). Observation of these migratory
events is uncommon in the near-term obstructed kidney,
indicating that only a small fraction of total CD epithelium is
undergoing EMT at any given moment. Although persisting
early in transition, expression of CAII and other epithelial
characteristics including E-cadherin appear to be lost soon
after migration, as these cells acquire their final myofibro-
blastic phenotype.
DISCUSSION
In this study, we have used a clinically relevant model of fetal
urinary tract obstruction to define the relative contribution
of medullary injury to progressive renal fibrosis and
dysplasia. As described, significant medullary disruption
occurs as a result of ureteric obstruction with segmental
alteration of the medullary architecture featuring dilation
and cystic transformation of medullary CDs, the formation
of peritubular smooth muscle collars, and the expansion of
the medullary interstitial compartment. These changes
closely resemble the changes seen in human fetal urinary
tract obstruction and fetal renal dysplasia,11,16–18 and are
highly reproducible in this model.
To date, studies of the effects of urinary tract obstruction
have utilized, almost exclusively, postnatal models of the
rodent kidney.1–5,19 These models focus exclusively on the
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Figure 7 | Depletion of SMAþ /CAIIþ cells in obstructed fetal
CDs. (a) In the epithelia of the obstructed, dilated CDs there is a loss
of CAIIþ cells compared with control CDs. (b) The number of CAIIþ
cells in the obstructed CDs, regardless of severity, was significantly
reduced when compared with control and contralateral CDs.
*Po0.01 versus control and contralateral. (c) TUNEL analysis of
obstructed and control kidneys indicates infrequent apoptotic
events (arrows) in the medulla and rarely in the CD epithelium.
Bars¼ (a) 50mm and (c) 25 mm.
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Figure 8 | Disruption of basement membrane and evidence of
cellular migration in obstructed fetal CDs. (a) In the normal CD
epithelial basement membrane, there is thin, linear, circumferential,
and homogeneous type IV collagen immunoreactivity (arrowhead). In
the obstructed CD, the basement membrane type IV collagen (Coll IV)
immunoreactivity is diffuse and thickened, particularly in areas of
peritubular SMA expression (arrow), and is absent in other areas.
(b) In the obstructed CD, CAII immunoreactivity indicates migration
of SMAþ /CAIIþ cells (arrowheads) into the interstitial space and the
SMAþ peritubular collar, and, as in (c) outside of the normal plane of
the epithelial cell layer. (d) In the transitioning cells, E-cadherin
expression persists in the interepithelial junctions but becomes
diffusely cytoplasmic suggesting disruption of the cadherin junction
complex. Bar¼ (a–d) 25 mm.
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effects it has on the proximal tubule and the role of EMT in
these segments.20,21 In general, the response to injury is
different in the fetus, neonate, and adult, with fibrosis being a
major component of the latter.22 More specifically, while the
fetal kidney’s response to obstruction includes the develop-
ment of reactive peritubular collars and the expansion of the
interstitial compartment, which may be harbingers of
fibrosis, the effects may be more dramatic and include an
interruption in normal nephrogenesis and growth of the
kidney. Unfortunately, and perhaps due to the limitations of
the models, there has been very little attention focused on the
medulla and medullary CD.
Given the extensive changes seen in the medulla following
in utero urinary tract obstruction in both human and non-human
primates, we explored the possibility that CD EMT contributes
to medullary interstitial fibrosis. To our knowledge, neither the
ability of these cells to undergo EMT nor the contribution of
the medullary CD to fibrosis has been previously reported. In
this study, the phenotypic conversion of CD epithelial cells in a
manner consistent with EMT was shown. The onset of this
conversion is highlighted by the degradation of interepithelial
E-cadherin and diffuse cytoplasmic immunoreactivity that
demonstrates the injury-induced disassociation of adherens
junctions.23 Similarly, this conversion is highlighted by the
de novo expression of Vim in the CD epithelium adjacent to
developing peritubular collars, the associated disruption of the
tubular basement membrane, and evidence of SMAþ /CAIIþ
CD epithelial cell migration. As expected, evidence of cellular
migration was infrequently documented given the short
window of time during which it occurs and the likelihood
that it occurs soon after obstruction. Finally, the phenotypic
transition of CD epithelium was also temporally and spatially
associated with the formation of peritubular SMAþ collars,
lending further support for the probable role of the CD
transition in this peritubular pathology.
Interestingly, the increase in basolateral Vim expression is
seen not only in the migrating SMAþ /CAIIþ population,
but also in the AQP2þ principal cell population. In
migrating epithelial and CD-derived peritubular collar cells,
this Vim expression may indicate the conversion of these cells
to a myofibroblastic phenotype where Vim is critical for
growth, motility, and structural stiffness of fibroblasts.24,25
Interestingly, the expression of Vim has also been demon-
strated to be of critical importance to the maintenance of
endothelial cell structural integrity in response to mechanical
stress24 and to be regulated by changes in physiologic fluid
flow.26 Therefore, the de novo expression of Vim in the non-
migrating cells of the injured CD epithelium, along with the
formation of muscular collars not unlike those found in
arterioles, may represent an equivalent cellular adaptation to
the reduced flow and increased luminal pressure resulting
from urinary tract obstruction.
Unlike the proximal tubule, the CD is composed of two
distinct epithelial cell types, the principal and intercalated
cells. Embryologically, these CD cell lineages originate from a
common ureteric duct-derived progenitor, but have specific
and distinct differentiated functions and phenotypes. However,
there is in vivo and in vitro evidence that CD cells, and in
particular b-intercalated cells, have the capacity to differentiate
into various cell types comprising the normal CD epithe-
lium.27,28 More recent evidence with gene knockout mice
suggests the presence of an upstream CD epithelial progenitor.
The elimination of a crucial embryologic transcription factor
Foxi1 was shown to result in a loss of distinct principal and
intercalated cell phenotypes with clonal expansion of a hybrid,
putative progenitor population with primitive functional
characteristics of both cell types.29 Putative progenitors have
also been identified in the CD and throughout the kidney as
5-bromo-20-deoxyuridine label-retaining cells in pulse-chase
studies,30–32 with the majority of slowest cycling label-retaining
cells localized to the tubular epithelium and interstitium of the
renal papilla.33,34 These label-retaining cells have been im-
plicated in organ repair following renal ischemia and unilateral
urinary tract obstruction.35 These studies also suggest that
while initially the number of label-retaining cells increases, this
population is ultimately depleted in the long-term indicating
their activation and proliferation in response to injury.
In this study, we identified a subpopulation of cells
abundant in the inner medulla of the fetal monkey kidney
that expresses diffuse SMA and the intercalated cell marker,
CAII. Although previous studies with postnatal human,
rabbit, and rat kidneys have suggested the complete absence
of intercalated cells in inner medullary and papillary
CDs,36–38 our data shows that the normal fetal monkey
kidney contains 18% SMAþ /CAIIþ cells throughout the
CDs of the entire inner medulla. As acid–base regulation is
not yet an essential function of fetal kidneys, the abundance
of these cells suggests that they are less likely to be
differentiated intercalated cells, but may represent the CD
epithelial progenitors which are destined to become principal
cells or intercalated cells as needed postnatally. In addition to
retaining the ability to undergo EMT, these putative
progenitors are morphologically distinct from their neigh-
boring columnar epithelia and are non-proliferative.
Although these cells did not proliferate in response to injury,
we did observe an increase in proliferation in the principal
cell and myofibroblast populations. These data suggest that
the progenitors may commit to epithelial or myofibroblastic
differentiation and then proliferate to expand these cell
populations. Furthermore, these data also revealed that
SMAþ /CAIIþ cell numbers in the CD of the obstructed
kidney decreased from 18 to 8% in severely dilated, fully
collared CDs (generally representing two or less cells per
duct). This decrease was not associated with an increase in
epithelial apoptosis (Figure 7) as shown by TUNEL analysis.
Intriguingly, many of the most severely injured ducts
exhibited a complete depletion of the SMAþ /CAIIþ cell
population. These results are consistent with the observation
of the depletion of renal medullary progenitor cells in a
transient renal ischemia model.33 It is possible that this
depletion may impair the potential for further CD cell
renewal and repair following prolonged injury such as occurs
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with sustained obstruction, and could result in attenuation of
the epithelium, epithelial apoptosis, and denuding of the
basement membrane.
In conclusion, these findings suggest that these cells may
represent a progenitor population within the CD epithelium
that responds to tubular dilation and injury in two distinct
ways: (1) by clonal expansion of principal cells to maintain
epithelial integrity and (2) by committing to a myofibro-
blastic phenotype through EMT and forming peritubular
collars in response to increased luminal pressure (Figure 9).
Commitment to these pathways appears to be at the cost of
the progenitor population, which is significantly depleted
following injury. This depletion may impact the postnatal
formation of intercalated cells with not only functional
consequences such as defects in bicarbonate and water re-
absorption, but also may result in a reduced capacity of the
kidney to respond to injury. Loss of repair potential, in
combination with the observed decrease in glomerular
number observed with this disorder, may contribute to a
predisposition to chronic kidney disease in later life.
MATERIALS AND METHODS
Non-human primate model of fetal urinary tract obstruction
All animal procedures conformed to the requirements of the Animal
Welfare Act (USA), and all protocols were approved by the
Institutional Animal Care and Use Committee at the University of
California, Davis and the Committee on Animal Care at University
of British Columbia before implementation. Using an ultrasound-
guided technique, unilateral ureteric obstruction was performed in
fetal monkeys by the injection of alginate spheres at 70 days
gestation.8 Gravid adult rhesus monkeys were selected for this study
(N¼ 3). The animals were scheduled for hysterotomy near term
(150 days of gestation; term¼ 165710 days) and complete fetal
tissue harvests were performed. Representative sections of the right
and left kidneys were processed for immunohistochemistry, placed
in OCT, cortex and medulla were separated and snap-frozen for
future mRNA studies, and immersed in 10% buffered formalin for
histopathology. Comparable studies were conducted in control
specimens of similar gestational age (N¼ 3).
Quantitative PCR
Total RNA was isolated from cortex or medulla of control,
obstructed, and contralateral kidneys using the RNeasy Mini Kit
protocol (Qiagen, Valencia, CA, USA) with RNA-free DNase
treatment (Ambion, Austin, TX, USA) before treatment with
PowerScript reverse transcriptase (BD Biosciences Clontech, Palo
Alto, CA, USA). For quantitative PCR analysis, custom-designed
primers and 6Fam- or Vic-labeled TaqMan MGB probes (ABI,
Foster City, CA, USA; Table 1) were designed for each gene target.
All samples were amplified in triplicate on a 7000 Sequence
Detection System using TaqMan Universal PCR MasterMix (ABI).
Optimization and relative quantification of the assay was deter-
mined as described in User’s Bulletin #2 (ABI). Briefly, each set of
probes and primers was assayed individually to ensure that their
amplification efficiencies wereo90%. Lastly, each primer and probe
set was validated as per User Bulletin #2 to ensure accurate results
for relative quantification via the comparative method. Normal-
ization of RNA quantity between samples was accounted for using
the expression of the housekeeping gene cyclophilin A.39 The fold
difference of each gene between samples was then determined
relative to control kidneys.
Immunofluorescence histochemistry
Formaldehyde-fixed, paraffin-embedded tissue sections were first
deparaffinized in xylene and dehydrated by passage through graded
ethanols. The sections were then exposed to 40 min of heat-induced
antigen retrieval in pre-heated 10 mM citrate buffer (pH 6.0) using a
domestic food steamer. After heat-induced antigen retrieval, the
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Figure 9 | Paradigm of progenitor differentiation in response to
fetal urinary tract obstruction. With urinary tract obstruction,
progenitor cells within the CD epithelium may respond to tubular
injury in a number of different ways, including proliferating and
expanding of the principal cell population to maintain epithelial
integrity, and/or committing to a myofibroblastic phenotype through
EMT and forming peritubular collars in response to increased
intraluminal pressure.
Table 1 | Custom designed, Macaca mulatta-specific probe
and primer sets
Gene Primer/Probe Sequence (Probe reporter dye)
E-cadherin Forward primer 50-CAGTGACCAACGATGGCATT-30
MGB Probe 50-(6FAM)-AAACAGCAAAGGGC-30
Reverse primer 50-GCTTGGCCTCAAAATCCA-30
Vimentin Forward primer 50-AACCTGACCGAGGACATCATG-30
Probe 50-(6FAM)-TCCGGGAGAAATT-30
Reverse primer 50-TTCTCGGCTTCCTCTCTCTGAA-30
Pan-TGF-b Forward primer 50-GCCCACTGCTCCTGTGACA -30
MGB Probe 50-(VIC)-CAAAGATAACACACTGCAAGT-30
Reverse primer 50-CGGTAGTGAACCCGTTGATGT-30
Cyclophilin Forward primer 50-GTCGACGGCGAGCCTTT-30
MGB probe 50-(VIC)-CTCCTTCGAGCTGTTTG-30
Reverse primer 50-CTGCTGTCTTTGGAACCTTGTCT-30
TGF-b, transforming growth factor-b.
Probes are MGB Probes
TM
(ABI) and are dual-labeled with a non-fluorescent
quencher and either 6FAM or VIC reporter dyes for use with 7000 Sequence
Detection System (ABI).
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sections were cooled for 40 min and incubated at room temperature
for 1 h in blocking buffer with 2% of either goat or horse normal
serum. Excess blocking buffer was shaken off of the sections and the
diluted primary antibodies were added immediately and incubated
overnight at 41C. The primary antibodies used and their dilutions
are as follows: mouse anti-Vimentin and anti-fibroblast surface
protein (1:100; Sigma, St Louis, MO, USA); rabbit anti-cytokeratin
and mouse anti-Ki-67 (1:200 and 1:100, respectively; Dako,
Capinteria, CA, USA); anti-E-cadherin (1:30; Neomarkers, Fremont,
CA, USA); anti-type IV collagen (1:50; Fitzgerald, Concord, MA,
USA); and goat anti-aquaporin 2 and anti-carbonic anhydrase II
(1:50 and 1:200, respectively; Santa Cruz Biotechnology, Santa Cruz,
CA, USA).
Next, sections were incubated for 1 h with fluorescently
conjugated secondary antibodies diluted in 0.1 M phosphate-
buffered saline containing 0.5% sodium azide. The secondary
antibodies used and their dilutions are as follows: goat anti-mouse-
IgG (Hþ L) AlexaFluor-350 and -488 conjugates (1:50 and 1:100,
respectively), goat anti-rabbit-IgG (Hþ L) AlexaFluor-350 and -568
conjugates (1:50 and 1:100, respectively), and donkey anti-goat-IgG
(Hþ L) Alexafluor-568 (1:100; Invitrogen, Carlsbad, CA). For three-
color staining, an additional 1 h incubation with mouse anti-aSMA-
FITC conjugate (1:50; Sigma) was performed following incubation
with the relevant secondary antibodies. In some sections, TUNEL
analysis was performed using the ApopTag Fluorescein Direct In Situ
Apoptosis Detection Kit (Millipore, Billerica, MA, USA) to assess
the occurrence of apoptosis. Finally, sections were mounted in the
Prolong Gold mounting media with or without the nuclear stain
40,6-diamidino-2-phenylindole (Invitrogen). Immunofluorescent
microscopy was performed on an epifluorescence microscope
(Leica, Wetzlar, Germany). Images were captured with a Retiga
1300i camera with RGB filter wheel (QImaging, Surrey, Canada) and
were processed and merged using Openlab software (Improvision,
Lexinton, MA, USA).
Quantification of SMAþ /CAIIþ subpopulation frequency
The percentage of SMAþ /CAIIþ cells was determined by manually
counting CD cells in several separate fields from control,
contralateral, and obstructed kidneys. Obstructed CDs were
classified into mild (collar less than 50% enveloped), moderate
(collars 50–95% enveloped), and severe (collars 96–100% enveloped)
based on the degree of peritubular collar formation.
Quantification of Ki-67 immunoreactivity
The frequency of Ki-67 immunoreactivity in obstructed medullary
segments exhibiting significant dilation was compared against
equivalent CDs of control kidneys. For determination of the
frequency of Ki-67 interstitial Ki-67 immunoreactivity, only staining
of interstitial cells immediately adjacent to CDs was included and
expressed as a percentage of the number of CD epithelial cells
comprising the associated CD.
Statistical analysis
Separate qPCR reactions were run for each sample. All results were
expressed as mean7s.e.m. Statistical analysis was performed using
the Student’s t-test. A Po0.05 was considered statistically signi-
ficant. For comparisons of SMAþ /CAIIþ cell numbers and of
Ki-67 immunoreactivity between obstructed and control kidneys,
statistical significance was determined by applying a two-tailed
unequal variance t-test. Results for each classification of obstructed
ducts and for all obstructed ducts when pooled was significant to
Po0.05 when compared with controls.
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